Abstract: The success of trabeculectomy, which is considered the gold standard in the surgical treatment of glaucoma, depends on the wound healing response. The introduction of antiproliferative agents such as mitomycin C (MMC) has increased the success rates of trabeculectomy. However, complications due to these agents can be challenging to manage. Hence, it is important to determine the most efficacious dose and duration of exposure. Multiple studies suggest that many factors, including but not limited to MMC preparation, different concentrations, different exposure times, and method of application may affect success rate, and these factors were reviewed in this article. We concluded that lower concentrations of MMC that are prepared and applied in a standardized fashion, such as that using the Mitosol ® kit (for 2-3 minutes)
Introduction
The goal of glaucoma surgery is to reduce intraocular pressure, which decreases the likelihood and rate of visual field loss in susceptible patients. 1 Currently, there are a number of surgical options for reducing intraocular pressure in glaucoma that include incisional surgery, non-penetrating filtration surgery, glaucoma drainage devices, and minimally invasive glaucoma surgeries.
The challenge of surgeries that require external fistulization is reactive scarring and abnormal wound healing of the subconjunctival space that lowers long-term success. 2 Numerous approaches have been used to prevent conjunctival fibrosis after filtering surgery. Currently, the cytotoxic antimetabolites, 5-fluorouracil and mitomycin C (MMC), are the most commonly used agents. 3 Other agents that have been used to prevent postoperative scarring include anti-vascular endothelial growth factor antibodies, 4 tumor growth factor beta antibodies, 3 and Ologen ® implants. 5 However, these agents were either ineffective as yet, or there is limited evidence to suggest that they might replace MMC. Despite many innovative approaches, MMC remains the most frequently used agent due to its reasonable efficacy in preventing subconjunctival fibrosis.
This review outlines the efficacy of various MMC preparations including the widely use concentration of 0.2 mg/mL of MMC prepared as an off-label product in a vial and a recently available kit, and compares it with other concentrations and exposure times of MMC.
for the surgical management of glaucoma. A survey of the American and Japanese Glaucoma Societies published in 1997 reported trabeculectomy was the preferred initial surgical approach for both societies. 7 Successful trabeculectomy requires a fistula that diverts aqueous humor into the subconjunctival space. The main challenge postoperatively is to minimize scarring in the subconjunctival space by reducing inflammation and by slowing or halting the healing process. Long-term follow-up of primary trabeculectomy without adjunctive MMC indicates that despite successful control of intraocular pressure (lOP) at 1 year, the probability of success decreases with time and stabilizes at 67% by 10 years. 8 Chen 9 described the efficacy of MMC in enhancing bleb survival following trabeculectomy in eyes with a high risk of failure. A 2004 survey of British ophthalmology consultants reported that 82% used antimetabolites during trabeculectomy.
10
MMC was the most commonly used antimetabolite among American Glaucoma Society members in 2008.
11
Efficacy of mitomycin solution in glaucoma filtration surgery MMC was isolated in Japan in 1954 from the broth of the Streptomyces caespitosus. MMC is an alkylating agent that prevents DNA synthesis. Its pharmacological effect is likely due to the quinone, carbamate, and aziridine groups that comprise the molecule. MMC undergoes metabolic activation via reduction into an alkylating agent, a process mediated by cytochrome P-450 reductase and that occurs most effectively in a hypoxic environment. 12 Additionally, data available from the antitumor activity of MMC, including biochemical and cell-based experiments, demonstrate that the enzyme NQO1 can also bioactivate MMC and is generally a good predictor of MMC sensitivity. 13 However, there are a host of factors that can influence the antitumor response to MMC that include intracellular pH and oxygen concentrations, competing bioreductive enzymes, and DNA repair enzymes responsible for the repair of cytotoxic MMC-DNA interstrand crosslinks. Hence, it is unlikely that studying only the NQO1 genotype or NQO1 protein levels will predict a MMC-related clinical response to tumor suppression or anti-fibrotic activity. 13 In a study on human Tenon's capsule tissue, MMC caused almost complete inhibition of fibroblast proliferation.
14 However, many factors can influence the efficacy of MMC as it interacts with fibroblasts. 14, 15 These factors include the dose delivered to the tissues (which is concentration dependent), volume, duration of exposure, preparation method, administration, and tissue-related factors.
14 In vitro study of Tenon's capsule cultures suggests that fibroblast inhibition due to MMC is mainly dependent on the concentration and that a sponge applied for 1 minute can be as effective as a sponge applied for 5 minutes. 14, 15 Clinical studies have observed that tissue becomes saturated with MMC after exposure for 1 minute. 16 Additionally, control of IOP was similar whether MMC was used for 2 minutes or 5 minutes. 17, 18 The effects of MMC concentration on the success of glaucoma surgery are discussed in this review. The method of MMC application to tissue may also influence the effectiveness. Flynn 19 The authors concluded that variability in drug delivery characteristics observed in vitro suggested that type of microsurgical sponge may be an important factor in MMC delivery to the tissues. 19 Another factor that might influence the efficacy of MMC is the area of tissue that comes in contact with MMC. Application of MMC over a larger surface area achieves a higher short-term decrease in IOP and a significantly lower incidence of bleb scarring compared to eyes that receive MMC application over a smaller area. [20] [21] [22] The site and time of MMC application might also influence fibroblast inhibition. Traditionally, MMC has been applied into sub-Tenon's space intraoperatively, with some surgeons also placing it beneath the scleral flap. Applying MMC-soaked sponges before creating the scleral flap or beneath the scleral flap, and other variations in surgical technique, could influence the outcome of trabeculectomy beyond the influence of the concentration and duration of MMC application. 23, 24 Furthermore, studies have suggested that intrascleral application of MMC might be as efficacious as subconjunctival application. [23] [24] [25] Recently, MMC has been used as a single preoperative subconjunctival injection in various low-dose concentrations prior to trabeculectomy. 26, 27 Though this technique appears to have gained popularity, there are no peer-reviewed publications that suggest that this method of application is superior to other techniques. An additional factor that may play a role in lowering IOP following application of MMC during trabeculectomy is MMC toxicity to the ciliary epithelium. Histopathological studies in human eyes and experimental studies have demonstrated toxic effects of MMC to the ciliary body and its epithelium, which likely cause a reduction in aqueous secretion and a lowering of IOP. 28, 29 Patient variables beyond those presented in this paper may influence surgical outcomes. These include thickness of Tenon's capsule, degree of tissue vascularity and bleeding, and possibly, different receptor responses to MMC. 3 Clinical studies on the effectiveness of mitomycin C
The adjunctive use of MMC has been a major advance in the efficacy of lowering IOP with trabeculectomy. However, there are complications associated with MMC use, including hypotony and maculopathy in the early postoperative period. Many investigators have attempted to develop protocols for adjunctive therapy that allow an acceptable balance between the risks and benefits. [9] [10] [11] 18 A previous study has suggested that the level of inhibition of fibroblast proliferation correlated with the outcome of filtering surgery. 30 A clinical trial has supported the benefit of MMC as an adjunct to trabeculectomy. 31 An in vivo confocal microscopy study displayed that the final effect of the filtering procedure with MMC was a fivefold increase in conjunctival microcyst density and surface area on the site of the bleb. 32 Intraoperative treatments with MMC result in long term inhibition of fibroblast proliferation with abnormal marked variation in cell size and vacuoles in the cytoplasm limited to the treated area, when compared with intraoperative and postoperative treatment with 5-FU. 33 A recent qualitative and quantitative analysis comparing filtering blebs with optical coherence tomography showed that blebs following MMC trabeculectomy had good functionality with low index of reflectivity and cystoid pattern. On the other hand, in trabeculectomies without MMC, mixed optical coherence tomography patterns (layer or diffuse pattern) were associated with high infrared and poor functionality. 34 MMC can enhance the success rate of trabeculectomy for refractory glaucoma in patients of most ethnic backgrounds, including those of African ancestry. [35] [36] [37] [38] [39] [40] [41] [42] Enhanced success rates have also been reported in glaucoma associated with uveitis, congenital and developmental glaucoma, normal-tension glaucoma, and primary, uncomplicated trabeculectomies. [35] [36] [37] [38] [39] [40] [41] [42] A Cochrane database review of eleven clinical trials evaluating 698 patients concluded that MMC reduced the risk of surgical failure in eyes undergoing primary trabeculectomy and high-risk eyes. 43 A study of primary trabeculectomy with low-dose MMC reported that IOP was maintained at 15 mmHg or less in more than 80% of patients after 1 year and in 60% of patients after 6 years. 44 A study with a majority of patients at high risk of failure reported that 0.2 mg/mL of MMC for 5 minutes resulted in an 84% success rate at 1 year follow-up. 45 Annen and Stürmer 46 used 0.2 mg/mL MMC for 1 minute and noted an IOP of ,21 mmHg in 88% of cases at approximately 1 year, with 8.8% of cases developing an avascular bleb.
In a prospective, randomized study, Kitazawa et al 47 reported that 88% of glaucomatous eyes with poor surgical prognosis achieved an lOP of #20 mmHg without glaucoma medications after MMC during trabeculectomy, while only 47% of eyes receiving 5-fluorouracil achieved a similar outcome in a period of 7-12 months. Similarly, Skuta et al's 48 randomized study of eyes at high risk for failure from glaucoma filtering surgery reported that 60% of MMCtreated eyes had an IOP of #12 mmHg versus only 21.1% of 5-fluorouracil-treated eyes at 6 months.
Singh et al 49 evaluated a consecutive series of 20 eyes that underwent trabeculectomy with 0.02 mg/mL MMC intraoperatively and reported an overall success rate of 85%. In this series, there were two cases of recurrent leaks and two cases of scleral necrosis exposing the ciliary body. 49 The authors cautioned that such complications, though rare, can occur with lower doses of MMC, and they recommended that lower doses of MMC or placing MMC in the sub-Tenon's space without scleral dissection could potentially avoid the complication of scleral necrosis. Furthermore, another study suggested that based on the successful outcome of trabeculectomy with MMC, its use may be justified in primary trabeculectomies in patients with advanced glaucoma. 44 In pediatric patients who underwent trabeculectomy with MMC, the success rates varied from 56% to 95%. [50] [51] [52] Additionally, administration of MMC during filtering surgery often leads to development of thin-walled, avascular blebs, which might result in bleb leaks that predispose eyes to infection. 53, 54 There may be an increased risk of developing a thin-walled bleb with higher concentrations of MMC. 55 High-dose MMC can be associated with complications. Akova et al 56 reported two cases of scleromalacia in pediatric patients who received 0.4 mg/cc MMC for 5 minutes. Fourman 57 reported a case series of five patients who developed scleritis 3 to 24 weeks after adjunctive MMC during inferior trabeculectomy.
MMC has also been used with success as an adjunct to needling and non-penetrating glaucoma surgery. Using MMC during needling a failed filtering bleb resulted in an 85% success rate. 58 In a retrospective study, Mardelli et al 59 Clinical 62, 63 or Ahmed glaucoma valve implantation. 64, 65 Based on the literature and our current review, it appears that reducing MMC dosage or exposure time of intraoperative MMC may mitigate the incidence of complications associated with overfiltration and perhaps, may also avoid the development of ischemic blebs.
Clinical observations on the surgical outcomes using different concentrations of mitomycin C
Prospective and retrospective studies have addressed the effectiveness of various concentrations of MMC on the outcome of glaucoma filtration surgery. However, the conclusions regarding effects of MMC concentration and exposure time are variable, and these observations are summarized in this section (later).
Robin et al 66 evaluated four groups: placebo, 0.2 mg/mL MMC for 2 minutes, 0.2 mg/mL MMC for 4 minutes, and 0.4 mg/mL MMC for 2 minutes, respectively, with 1-year follow-up. They concluded that a possible dose-response relationship exists between efficacy and the concentration and duration of exposure to MMC. 66 Kitazawa et al 67 evaluated 0.02 and 0.2 mg/mL MMC in primary trabeculectomy and reported 63.6% and 100% success rates, respectively, with transient hypotony maculopathy (18%) and cataract progression (18%) noted in the 0.2 mg/mL group exclusively. The authors suggested that the appropriate dose was between the two concentrations. 67 Laube et al 68 evaluated 0.1, 0.2, and 0.4 mg/mL of MMC for 2.5 minutes, and found that 0.2 mg/mL was the most effective dose.
Alternately, other studies have reported that altering the exposure time had little to no effect on postoperative IOP reduction or success rates of trabeculectomy. 17, 18 Sanders et al 69 confirmed that filtering surgery performed on higher risk eyes was as effective at a lower dose (0.2 mg/mL) of MMC compared to a higher dose (0.4 mg/mL). They reported a higher incidence of hypotony-related complications with the higher concentration (0.4 mg/mL) group. 69 Maquet et al 70 used three different concentrations of MMC (0.1 mg/mL, 0.2 mg/mL, and 0.4 mg/mL) and found no significant differences in IOP control and postoperative complications. Lee et al 71 compared 0.4 mg/mL, 0.2 mg/mL, and 0.1 mg/mL MMC in 36 eyes and found no statistical difference in IOP reduction between concentrations. They noted postoperative hypotony in only two patients, both from the 0.4 mg/mL group. 71 A recent prospective, randomized trial with 2 years' follow-up demonstrated the non-inferiority of 0.1 mg/mL of MMC compared to 0.2 mg/mL. 72 The use of MMC in pediatric glaucoma has also been studied. Agarwal et al 73 reported that MMC 0.4 mg/mL and 0.2 mg/mL were equally effective in post-trabeculectomy patients with congenital glaucoma. They also reported that 0.2 mg/mL MMC resulted in a lower incidence of thin-walled blebs, postoperative hypotony, wound leakage, and choroidal detachments. 73 Most studies of prolonged MMC application report an increased risk of postoperative complications. 16, 74, 75 However, this observation remains controversial. 18 A retrospective, comparative study on patients at high risk for failure reported that surgical success at 18 months postoperatively with 0.2 mg/mL MMC for 2 minutes was similar to a matched group receiving 0.2 mg/mL MMC for 5 minutes. 18 In combined trabeculectomy with phacoemulsification and intraocular lens implantation with MMC 0.5 mg/mL applications of 1, 3, or 5 minutes, the IOP outcomes were similar. 76 In addition to the benefits of lowering IOP, MMC-assisted trabeculectomy may have an impact on the patient's quality of life (QoL). The Collaborative Initial Glaucoma Treatment Study (CIGTS) compared the outcome of medical treatment to initial MMC trabeculectomy. 77 At 5 years follow-up, both medical and surgical therapy were effective in reducing IOP, but initial surgery led to lower visual field progression in subjects with advanced visual field loss at baseline. 77 However, the risk of cataract formation after trabeculectomy was higher, resulting in a decrease in vision-related QoL. 77 Most, but not all, vision QoL subscales indicated worsening of cataracts prior to cataract surgery and an improvement in vision after cataract extraction. 78 A French study reported that poor vision-related QoL was associated with topical drug side effects. 79 A recent report on quality-adjusted lifeyears and the incremental cost-effectiveness ratio reported that glaucoma surgeries such as trabeculectomy and tube insertion were determined to be cost-effective compared with medical therapy alone, and that trabeculectomy had a lower cost per quality-adjusted life-year compared with tube insertion. 80 Though the cost effectiveness of trabeculectomy has been addressed in studies discussed earlier, the direct and indirect costs associated with a failed trabeculectomy and its comparison with a primary trabeculectomy with Mitosol 
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Mitomycin for glaucoma surgery effective in achieving lower IOPs when compared to higher concentrations/prolonged exposure times. In contrast, higher MMC concentrations and prolonged exposure times may be associated with a higher risk of complications. Some variability in the study outcomes related to MMC concentration and exposure time might be dependent on study design, patient selection, and outcome measures.
Preparation of mitomycin C
MMC is customarily frozen in storage and thawed to room temperature before use or prepared on site from a vial. The use of different concentrations of MMC requires on-site preparation under suboptimal conditions and can lead to dosage errors. 81 The potency of MMC after storage has been studied in vitro. 82 High-performance liquid chromatography evaluation indicated that MMC had similar stability, despite different preparations and storage methods, if it was used immediately upon reaching room temperature. 83 However, some degradation of MMC occurred with further storage at room temperature, and the clinical effects of this degradation are unclear. 83 Additionally, on-site formulation can result in an unstable solution, due to incorrect pH or storage temperatures. 84 The off-label application of MMC in glaucoma surgery has been quite effective. However, many variables may affect the stability and efficacy of MMC when prepared on site compared to a compounding pharmacy. Recently, the US Food and Drug Administration (FDA) approved MMC for ab externo glaucoma surgery. The preparation is available in a 0.2 mg/vial concentration, with standardized sponges packaged in a kit (Mitosol). The advantages of this kit include reliable potency prepared in optimal conditions, proper dosing, sterility, and an extended shelf life at room temperature. Additionally, standardized sponges are included in the kit as the size, type, and shape of the sponge might influence the efficacy of MMC. 19, 85 A standard number of sponges are included to eliminate human error when counting used sponges during surgery. No clinical studies were conducted for FDA approval of Mitosol. FDA approval was based on the efficacy of MMC in open-angle glaucoma reported in the existing body of literature. 86 The availability of a standardized preparation of MMC is a welcome addition in the armamentarium of adjunctive therapy in glaucoma filtration surgery. However, there are some controversial aspects to the introduction of this preparation. For example, there have been no randomized clinical trials comparing the Mitosol kit to MMC prepared in a compounding pharmacy. MMC at 0.2 mg/mL is the most common concentration for glaucoma surgery. However, higher concentrations of MMC may be preferred for cases of repeat trabeculectomy or inflammatory glaucoma. 70 Furthermore, this preparation may not be available in developing countries. The most controversial aspect of this preparation is the substantial increase in the cost of the surgical procedure. The cost of one Mitosol kit is reportedly US$359, which is several-fold more expensive than the offlabel preparation of MMC (depending on the country).
86
This issue is similar to the debate on the cost-effectiveness of ophthalmic bevacizumab versus ranibizumab in the treatment of retinal disease. 87 
Conclusion
Surgical intervention plays a major role in the management of glaucoma. Trabeculectomy with adjunctive MMC application intraoperatively increases surgical success. Standardization of different variables during trabeculectomy has been investigated for several years and has been discussed in detail in this review. The efficacy of 0.2 mg/mL of MMC applied for a period of 2-3 minutes during surgery appears to be quite effective in clinical trials. However, prospective studies are warranted to determine the efficacy of standardized preparations of MMC, such as Mitosol. Standardized kits such as Mitosol are likely to result in faster surgery while mitigating dosage errors, maintaining aseptic conditions, and preventing other intraoperative errors, such as retained sponges. The issue of cost of standardized preparations needs to be addressed, especially if the goal is worldwide distribution.
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